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The mouse kreisler gene is expressed in rhombomeres (r) 5 and 6 during neural development and kreisler mutants have
patterning defects in the hindbrain that are not fully understood. Here we analyzed this phenotype with a combination of
genetic, molecular, and cellular marking techniques. Using Hox/lacZ transgenic mice as reporter lines and by analyzing
ph/ephrin expression, we have found that while r5 fails to form in these mice, r6 is present. This shows that kreisler has
an early role in the formation of r5. We also observed patterning defects in r3 and r4 that are outside the normal domain of
kreisler expression. In both heterozygous and homozygous kreisler embryos some r5 markers are induced in r3, suggesting
hat there is a partial change in r3 identity that is not dependent upon the loss of r5. To investigate the cellular character
f r6 in kreisler embryos we performed heterotopic grafting experiments in the mouse hindbrain to monitor its mixing
roperties. Control experiments revealed that cells from even- or odd-numbered segments only mixed freely with
hemselves, but not with cells of opposite character. Transposition of cells from the r6 territory of kreisler mutants reveals
that they adopt mature r6 characteristics, as they freely mix only with cells from even-numbered rhombomeres. Analysis
of Phox2b expression shows that some aspects of later neurogenesis in r6 are altered, which may be associated with the
additional roles of kreisler in regulating segmental identity. Together these results suggest that the formation of r6 has not
een affected in kreisler mutants. This analysis has revealed phenotypic and mechanistic differences between kreisler and
its zebrafish equivalent valentino. While valentino is believed to subdivide preexisting segmental units, in the mouse
kreisler specifies a particular segment. The formation of r6 independent of r5 argues against a role of kreisler in
prorhombomeric segmentation of the mouse hindbrain. We conclude that the mouse kreisler gene regulates multiple steps
in segmental patterning involving both the formation of segments and their A-P identity.
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aINTRODUCTION
The vertebrate hindbrain is organized and patterned as a
segmented structure during early neural development. Its
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220etameric units, the rhombomeres (r), are lineage-
estricted cellular compartments that provide the basic
round plan by which segmental patterns of gene expres-
ion, neural crest migration, and neuronal differentiation
ccur in the hindbrain (Lumsden and Krumlauf, 1996). A
umber of the components which function in diverse
spects of segmental patterning have been identified based
n expression patterns, as well as mutational and trans-
enic analysis. In this way it has been shown that the
ranscription factors Krox20 and kreisler directly regulate
egmental expression of multiple Hox genes (Manzanares et
l., 1997, 1999; Nonchev et al., 1996; Sham et al., 1993) and
hat Hox genes themselves have a role in conferring and
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221kreisler Is a Segment-Specification Genemaintaining segmental identity (Gavalas et al., 1997, 1998;
Goddard et al., 1996; Studer et al., 1996, 1998; Zhang et al.,
994). This has helped to unravel part of the network
ontrolling the individual anteroposterior (A-P) identity of
pecific rhombomeres.
In contrast to segmental identity, very little is known
bout the mechanisms and genes governing segmentation
tself. One gene involved in segmental processes is Krox20,
hich displays conserved early expression domains in r3
nd r5 (Nieto et al., 1991; Wilkinson et al., 1989). In Krox20
mutants territories for presumptive r3 and r5 arise, but they
fail to develop properly and are eventually lost (Schneider-
Maunoury et al., 1993, 1997; Swiatek and Gridley, 1993).
Recently it has been shown that Krox20 directly regulates
not only Hox genes, but also an Eph tyrosine kinase
receptor involved in restricting cell migration between
rhombomeres (Theil et al., 1998; Xu et al., 1995). Together
with the mutant phenotype, this suggests that Krox20 is
involved initially in the maintenance of segments and later
in steps that regulate the A-P identity and lineage restric-
tions of rhombomeres. There is also some evidence that
Hoxa1 may have a role in aspects of segmentation, as there
is a partial reduction (Dolle´ et al., 1993; Mark et al., 1993)
or a loss of r5 (Carpenter et al., 1993) in targeted mutations
of this gene. Therefore, Hox genes are involved in multiple
steps of segmental patterning ranging from segmentation to
segmental identity.
A candidate for regulating earlier steps in vertebrate
hindbrain segmentation is kreisler (kr). Mice mutant for
this gene, induced by X-ray mutagenesis, were first identi-
fied by Hertwig due to their circling behavior and deafness,
which are phenotypes associated with vestibular-accoustic
defects (Hertwig, 1944). Deol studied these mutants in early
embryogenesis and found defects in the hindbrain, where
there was an apparent loss of overt segments posterior to r4
(Deol, 1964). This led him to conclude that the adult
phenotype was secondary to the early neural tube defects.
The kreisler gene has been isolated by positional cloning
and shown to encode a transcription factor of the b-zip Maf
family (Krml1) expressed in r5 and r6 (Cordes and Barsh,
1994). Two independent studies have been performed, using
molecular markers, to monitor changes in the kreisler
hindbrain. One concluded that r5 and r6 are missing
through a combination of changes in A-P identity and fate,
followed by subsequent cell death (McKay et al., 1994). The
other study interpreted the data as the loss of overt segmen-
tation of the hindbrain posterior to r4 leading to abnormal
expression of markers in the region (Frohman et al., 1993).
While these reports clearly demonstrate that the posterior
hindbrain in kreisler mutants has an abnormal organiza-
tion, they do not address which processes (formation, main-
tenance, or the identity of segments) are affected.
A further complication in understanding the role of
kreisler in segmentation comes from analysis of its ze-
brafish homologue, valentino (val). The val gene was first
identified in a genetic screen as a mutation that affected the
expression of Krox20 in the hindbrain (Moens et al., 1996)
Copyright © 1999 by Academic Press. All rightand later it was shown to be caused by mutations in a fish
homologue of the mouse kreisler gene (Moens et al., 1998).
The general val phenotype resembles in some aspects that
of kreisler. The interpretation of the val phenotype, based
on marker gene expression and cell grafting experiments, is
that val is involved in the subdivision of a prorhombomere
into r5 and r6 and that in the val mutant the prospective
r5–r6 territory is frozen at an early stage. This leads to an
immature rhombomere (rX) lacking any specific segmental
identity in place of r5 and r6 (Moens et al., 1996, 1998).
Based on this model, it was concluded that mouse kreisler
has a similar function to valentino and that the different
interpretations of the mouse phenotype (Frohman et al.,
1993; McKay et al., 1994) could be reconciled by this
mechanism (Moens et al., 1998; Prince et al., 1998). Hence,
this model argues that kreisler functions in the maturation
and identity of a definitive pair of segments and that the
developments of r5 and r6 are tightly coupled because they
arise from a common prorhombomeric territory.
To investigate the nature of the segmental defects in
kreisler mutants and their relationship to the fish valentino
phenotype, we have examined kreisler mutants with a
combination of genetic, molecular, and cellular marking
techniques. Using transgenic analysis we have previously
identified a number of cis-regulatory components that di-
rect rhombomere-restricted expression of Hox genes (re-
viewed in Maconochie et al., 1996). Here we have taken
advantage of 10 different transgenic lines carrying a lacZ
reporter gene under the control of these segmental enhanc-
ers and systematically bred them into the kreisler mutant
background. We have also analyzed the expression of addi-
tional marker genes and carried out cell grafting experi-
ments in order to analyze the character of the territory
affected in the kreisler mutant. Our results show that r5 is
missing and that r6 is actually present in the kreisler
hindbrain. Hence, with respect to r5, kreisler is essential for
the formation of this segment. Segmentation and boundary
formation in the rest of the hindbrain are primarily normal
and there is no evidence for an immature or early common
precursor of r5 and r6 that fails to subdivide. Furthermore,
there are effects in r3 and r4 outside of the normal domain
of kreisler expression. This shows that kreisler has a role in
the early formation of a single segment, in addition to its
later roles in regulating segmental identity.
MATERIALS AND METHODS
Mouse Breeding
kreisler mice were bred, maintained, and genotyped as described
(Frohman et al., 1993). Colonies of kr;lacZ transgenic mice were
btained by crossing kr/kr males to homozygote or heterozygote
females for the transgenes. The F1 progeny was genotyped for both
the kr allele (where necessary) and the transgene and embryos of
the desired stage and genotype were obtained by intercrossing of
the F1 or by backcrossing to kr/kr males or kr/1 females. Some of
these colonies were further expanded and maintained. Among
these was the kr;b1-r4 colony, from where kr/kr transgenic males
s of reproduction in any form reserved.
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222 Manzanares et al.were used to generate double transgenic embryos. The genotype of
the embryos was determined visually between 9.0 and 10.5 days
postcoitum (dpc) and by PCR for other stages. Expression patterns
of the transgenes or in situs were indistinguishable between 1/1
and kr/1 embryos, so both are referred to as wt (wild type)
throughout the text. The only exception is the a3-r5/r6 line (see
Results). LacZ reporter expression was detected as described (Whit-
ng et al., 1991) and reporter transgenic lines used in this study are
isted with a brief description in Table 1.
Cell Grafting and Tracing
Embryos of the desired genotype were obtained as described
above or from CBA 3 C57/BL6 crosses for wild-type embryos. Host
embryos (8.5 dpc) were dissected from the uterus with an intact
visceral yolk sac, amnion, and ectoplacental cone (Trainor and
Tam, 1995; Trainor et al., 1994). Isochronic donor kr/kr embryos
and donor wild-type embryos were initially bisected along the
midline and neuromeric junctions were used as landmarks for
isolating specific rhombomeres (Trainor and Tam, 1995). In kreisler
mutants the position of presumptive r6 was defined as the territory
immediately posterior to the otic sulcus, in agreement with our
marker analysis. This corresponds to r5 in wild-type embryos.
Finely polished alloy and glass needles were used to separate the
neuroectoderm from adjacent tissues. Rhombomeric fragments
that could not be cleanly separated from adjacent tissues were then
incubated in a solution of 0.5% trypsin, 0.25% pancreatin, 0.2%
glucose, and 0.1% polyvinylpyrolidone in PBS for 20 min at 37°C to
ensure a pure rhombomeric donor population. Individual rhom-
bomeres were then labeled by soaking in a 1:1 mix of DiI (1,1-
dioctadecyl-3,3,39,39-tetra-methylindocarbocyanine perchlorate):
DR50 (DiI:50% Dulbecco’s modified Eagle’s medium, 50% rat
serum) for 1 min, washed in DR50, dissected into fragments
containing approximately 10–15 cells, and grafted into the dorsal
neuroectoderm of 8.5-day (5-somite-stage) host CBA 3 C57/BL6
embryos. Previous work has established that the first neural crest
cells to migrate leave the dorsal caudal midbrain/rostral hindbrain
neuroepithelium at the 5- to 6-somite stage (Chan and Tam, 1988;
Jacobson and Tam, 1982; Nichols, 1981). Therefore, in order to
catch the earliest waves of migrating neural crest cells in both cell
grafting and neural crest cell labeling experiments, only donor and
host embryos having five or less pairs of somites were used. After
cell grafting or neural crest cell labeling by DiI injection, embryos
were cultured in vitro for 24 h in DR50 in a 5% CO2, 5% O2, 90%
N2 atmosphere (Sturm and Tam, 1993). The genotype of the donor
mbryos was determined by PCR as described above. Solutions
0.05%, w/v) of DiI were made from 0.5% stock ethanolic solutions
iluted 1:10 in 0.3 M sucrose.
We labeled the facial (VII) motor neurons by retrograde tracing
sing DiI (Molecular Probes) at a concentration of 1 mg/ml in
imethyl formamide. Embryos were dissected from the uterus in
BS and the cranial roots were injected using a pressure injector
Picospritzer). Following injection, embryos were fixed in 4%
araformaldehyde and stored at room temperature for up to a week.
he labeled hindbrains were dissected of any surrounding tissue
nd flat mounted in glycerol/PBS. The labeled neurons were viewed
sing a Leica TCS NT confocal microscope, with an argon/krypton
aser (excitation 567 nm) and a 103/0.3 NA Leica lens.
In Situ Hybridization and Immunochemistry
Immunostaining using a monoclonal antibody specific for
mouse HOXB4 was as described (Gould et al., 1997). Whole-mount (
Copyright © 1999 by Academic Press. All rightin situ hybridization with digoxigenin-labeled RNA probes was
performed as described (Xu and Wilkinson, 1998). The ephrin-B2
and ephrin-B3 probes correspond to the full coding region of cDNA
clones (Gale et al., 1996), the EphA7 probe to a fragment of the
extracellular domain of the protein (nucleotide residues 636–1211),
and the Phox2b probe as previously described (Pattyn et al., 1997).
RESULTS
To analyze the nature of the segmental defects in kreisler
mice, we have intercrossed them with 10 different trans-
genic Hox/lacZ reporter lines containing rhombomere-
specific regulatory elements from the Hoxb1 to Hoxb4 and
oxa3 genes. These control elements are well characterized
nd have important roles in segmental regulation of their
espective Hox genes. The benefit of these genetic markers
s that they allow us to monitor specific subsets of the
ormal expression pattern of the respective endogenous
enes and permit a clear-cut identification of specific hind-
rain territories. In this way we have been able to study the
oss or change in identity of individual rhombomeres and
hombomeric boundaries, due to the mutation of the
reisler gene. Table 1 provides a list of the lines used,
elevant control regions, and a brief description of their
xpression patterns. In this analysis we will refer to trans-
ene expression in the 1/1 or kr/1 backgrounds as the
ild-type or normal pattern and in the kr/kr background as
he mutant pattern (except for the a3-r5/r6 line; see below).
Analysis of Defects in r4
To mark r4 and its derivatives we have used two trans-
genic lines where reporter expression is directed by an
r4-specific enhancer from Hoxb1 [b1-r4 line (Marshall et al.,
1992)] or Hoxb2 [b2-r4 line (Maconochie et al., 1997)].
igure 1 shows a comparison of normal and mutant staining
atterns from 8.5 to 12.5 dpc for the b1-r4 line. Between 8.5
and 9.0 dpc the r4 stripe of reporter expression in the
mutant background appears relatively normal, except that
its overall size is slightly larger and the posterior border
appears more diffuse (Figs. 1A, 1B, 1H, and 1I). This is in
agreement with previous analysis of Hoxb1 expression by
n situ hybridization (Frohman et al., 1993; McKay et al.,
994). However, temporal analysis shows that this is not a
table property of the r4 territory in the mutants. From 9.5
o 12.5 dpc there is a gradual reduction in the size of r4
xpression as well as a clear disorganization of the posterior
oundary (Figs. 1C–1F and 1J–1M). Using whole-mount in
itu hybridization and antibody staining we have found that
similar size reduction in r4 occurs in the endogenous
oxb1 expression domain (data not shown).
This transgene is also expressed in facial branchiomotor
fbm) neurons which undergo a characteristic series of
ovements, whereby they normally migrate from r4 into r5
long the ventral midline at 11.5 dpc [Fig. 1E (Studer et al.,
996)]. By 12.5 dpc they have migrated posteriorly and then
aterally into r6 forming the nucleus of the facial (VII) nerve
Fig. 1F). In the mutant background fbm neurons expressing
s of reproduction in any form reserved.
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223kreisler Is a Segment-Specification Genethe transgene migrate along the midline into the segment
posterior to r4 but they form a highly disorganized nucleus
that immediately begins to migrate laterally (Figs. 1L and
1M). To test if the pattern with the lacZ-positive cells
faithfully represents the behavior of the major components
of the facial motor nerve we performed DiI retrograde
labeling in normal and mutant embryos [see Studer et al.
(1996) for a brief description of the organization of the facial
nerve]. These results show that in mutant embryos axonal
projections and cell bodies of the facial motor nerve are
abnormally located immediately posterior to r4 and do not
display the one rhombomere gap seen in normal embryos
(Figs. 1G and 1N). In agreement with analysis by McKay et
al., the population of visceromotor neurons (vm) which
arises in r5 and exits through r4 is absent (McKay et al.,
1997). In contrast, the contralateral vestibuloaccoustic neu-
rons (cva) that cross the midline specifically at the level of
r4 appear normal. This population does not extend more
posteriorly in the mutant (Figs. 1G and 1N), suggesting that
the r4 territory has not expanded in a posterior direction.
Similar analysis using the b2-r4 line confirmed that
initial transgene expression in r4 appears normal, but be-
tween 9.5 and 11.5 dpc there is a marked reduction in the
size of the r4 domain and abnormal migration of the fbm
neurons (Figs. 2A, 2B, 2F, and 2G and data not shown). This
b2-r4 line also expresses the reporter at high levels in the
cranial neural crest derived from r4, which normally mi-
grates rostral to the otic vesicle and into the second
branchial arch (Fig. 2C). In mutant embryos we noted an
accumulation of lacZ-expressing cells between the hind-
rain and the laterally displaced otic vesicle (Fig. 2H). This
s interesting because it has been reported that there are
efects in the hyoid bone of kreisler mutants that could be
interpreted as a partial transformation of third arch struc-
tures into a second arch identity (Frohman et al., 1993).
This phenotype could arise because the accumulating r4
TABLE 1
Gene Line Lab name Wt pattern
Hoxb1 b1-r4 HL5 r4
facial neurons
Hoxb2 b2-r4 ML22 r4
ba2 crest
b2-r3/r5 ML19 r3 1 r5
b2-r3/r4/r5 ML24 r3 1 r5
r4 (late)
oxb3 b3-r5 EL-IV r5
b3-r5/6 EL-IIIA r5–r6 boundary
oxa3 a3-r5/r6 A3-K146 r5 1 r6
oxb4 b4-r6/7 JL64 r6–r7 boundary
b4-r6/7 early AG17 r6–r7 boundary
b4-r6/7 late AG8 r6–r7 boundarycrest might be able to migrate rostrally and caudally around 1
Copyright © 1999 by Academic Press. All righthe laterally positioned otic vesicle and contribute to both
he second and third branchial arches. To assess whether
here are changes in the patterns of neural crest migration
n kr mutants, we performed lineage analysis by direct focal
njection of DiI at 8.5 dpc into the dorsal hindbrain of
ormal and mutant embryos followed by 24 h in culture.
he results showed that in both cases when presumptive r4
as labeled, cells only contributed to the second branchial
rch (Figs. 2D and 2I). In contrast, when the presumptive
egment immediately posterior to r4 was labeled, cells are
ble to contribute to both the second and third branchial
rches in normal and mutant embryos (Figs. 2E and 2J).
ore posterior injections in the mutant only label neural
rest cells migrating into the third arch (Fig. 2K). This
rgues that the hyoid defects do not arise by abnormal
igration of r4-derived cells into the third arch and that the
ateral displacement of the otic vesicle does not prevent
rest arising posterior to r4 from migrating into the second
rch. Therefore, the hyoid defects could arise because
reisler or its targets (Hoxb3 and Hoxa3) have an important
ole in patterning third arch crest, which is in line with the
oss of hyoid structures observed in Hoxa3 mouse mutants
Chisaka and Capecchi, 1991). It is also possible that these
re secondary patterning defects due to the unusual contri-
ution of r6-derived crest cells to both the second and third
rches.
Together, these results show that in kreisler mutants
here is a progressive failure to maintain a normal-sized r4
erritory. The anterior boundary with r3 is distinct and
ormal in appearance; however, the posterior border is
lways more diffuse. Furthermore, the spatial pattern of
acial motor neuron migration is severely affected once they
eave r4. This is in contrast to the changes in r4 patterning
bserved in early kreisler mutants and the fish valentino
utants on the basis of Hoxb1 expression, which reported
posterior expansion of the r4 territory (Frohman et al.,
kr/kr pattern Main reference
Fuzzy posterior boundary,
defective migration
Marshall et al. (1992)
Fuzzy posterior boundary,
defective migration
Maconochie et al. (1997)
Missing r5 stripe Sham et al. (1993)
Missing r5 stripe,
fuzzy posterior boundary
Sham et al. (1993)
Missing r5 stripe Kwan et al. (unpublished)
Manzanares et al. (1997)
Anterior 1/2 rhombomere shift Kwan et al. (unpublished)
Missing r5 1 r6 domain,
ectopic activation in r3
Manzanares et al. (1999)
Anterior 1 rhombomere shift Whiting et al. (1991)
Anterior 1 rhombomere shift Gould et al. (1998)
Anterior 1 rhombomere shift Gould et al. (1997)993; McKay et al., 1994; Prince et al., 1998).
s of reproduction in any form reserved.
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226 Manzanares et al.Analysis of Defects in r3 and r5
All studies to date on kreisler phenotypes have identified
5 as a major functional domain of the gene, exemplified by
he absence of an r5 stripe of Krox20 expression. However,
the stage of segmentation at which these defects arise, e.g.,
formation or maintenance, has not been determined. To
examine if there is a transient appearance of r5 at very early
stages we have used two transgenic lines containing a
Krox20-dependent enhancer from the Hoxb2 gene that
direct reporter expression specifically to r3 and r5 [b2-r3/r5
and b2-r3-r5 (Sham et al., 1993)]. Over a detailed early time
course, the temporal dynamics and parameters of transgene
expression in r3 are identical in normal and mutant em-
bryos (Fig. 3). In wild-type embryos the onset of expression
in r5 occurs later than in r3 (Figs. 3A–3C); however,
throughout this time course we never detect a second stripe
or even a few lacZ-expressing cells in kreisler mutant
embryos (Figs. 3F–3J). This suggests that r5 never forms,
unlike Krox20 mutants in which r5 is lost at later stages
(Schneider-Maunoury et al., 1993, 1997).
We have previously identified an r5-specific enhancer
rom the Hoxb3 gene that is a transcriptional target of
reisler (Manzanares et al., 1997). To determine if reporter
xpression in r5 is strictly dependent upon kreisler we
ated a line with this enhancer (b3-r5) into the mutant
ackground. Reporter staining in r5 of mutant embryos is
ever observed in any of the stages examined from 7.5 to
0.5 dpc (Figs. 4A–4F and data not shown). This shows that
reisler is required to establish and maintain segmental
xpression mediated by this enhancer. Recently we have
lso isolated an enhancer from the paralogous Hoxa3 gene
hat directs expression in r5 and r6 (Figs. 4G and 4J) and is
transcriptional target of kreisler (Manzanares et al., 1999).
ere we used a reporter line with this enhancer (a3-r5/r6)
nd crossed it into the kreisler mutant background. In
omozygous mutant embryos, expression in r5 and r6 is
ompletely absent (Figs. 4I and 4L), showing that in these
omains the Hoxa3 enhancer activity is dependent upon
reisler. Surprisingly, analysis in both kr/1 and kr/kr
embryos revealed an ectopic induction of the Hoxa3 re-
porter in r3 (Figs. 4H, 4I, 4K, and 4L). This is consistent with
a previous report on the appearance of some Hoxa3-positive
cells in the r3 territory of homozygous kreisler mutants, as
detected by radioactive in situ analysis (McKay et al., 1994).
This suggests that there may also be progressive changes in
the identity of r3 dependent on the dosage of kreisler.
Analysis of Defects in the Posterior Hindbrain
To study the posterior defects in the hindbrain of kreisler
embryos, we intercrossed the mutants with three different
lines which contain combinations of neural enhancers from
Hoxb4 that direct lacZ reporter expression up to an anterior
limit at the r6–r7 boundary (Gould et al., 1997, 1998;
Whiting et al., 1991). Immunostaining of endogenous
HOXB4 protein and reporter expression for all three lines
shows that in mutant embryos the rostral limit of expres- s
Copyright © 1999 by Academic Press. All rightion at 9.5 dpc is shifted anteriorly closer to the otic vesicle
Figs. 5A–5F and data not shown). In all cases, the anterior
oundary in the mutants is as sharp as in normal embryos.
his anterior shift is maintained through later stages, as
videnced by a clear reduction in the distance between the
ontine flexure (pf) and the anterior limit of transgene
xpression at 11.5 dpc (Figs. 5G and 5H).
To more precisely map the position of this anterior shift
n Hoxb4 expression, we generated double transgenic em-
bryos with the b4-r6/7 line and the b1-r4 reporter line in
ormal and mutant backgrounds (Fig. 6). By marking r4 and
6/7 in this manner, in the normal embryos there is a clear
wo-rhombomere gap between the domains of lacZ expres-
ion (Figs. 6A, 6C, and 6E). In contrast, in kr mutants this is
educed to a one-segment gap (Figs. 6B, 6D, and 6F). Our
etailed time course of these lines indicates that this spatial
elationship is maintained at later stages and these domains
o not overlap. Therefore, in kreisler mutants Hoxb4 ex-
ression has shifted anteriorly by a single rhombomere and
sharp anterior boundary is maintained.
The Presence of an r6-like Territory
Previous studies in mouse and zebrafish have argued that
in kreisler/valentino mutants r5 and r6 are lost, adopt new
mixed identities, or become locked in a prerhombomeric
state and fail to express markers for either segment (Froh-
man et al., 1993; McKay et al., 1994; Moens et al., 1996,
998). From our analysis above, the presence of a single
egment between the r4 and r6/r7 marker domains raises a
uestion concerning its identity. Since we have found that
5-specific markers are missing, we also tested for the
resence of r6 markers. While there are currently no r6-
pecific markers, for this purpose we used a transgenic line
arrying a neural regulatory element from Hoxb3 that is
xpressed up to an anterior limit at the r5/r6 boundary and
lso ventrally in r5 (b3-r5/6 line; Kwan et al., unpublished).
enerating double transgenic embryos for this reporter and
he b1-r4 line shows that in normal embryos there is a
ateral gap in lacZ expression, corresponding to r5 (Figs. 7A,
C, and 7E). The staining along the ventral midline in r5 is
ue to both the posterior migration of the fbm neurons
abeled with the b1-r4 reporter and the anterior expression
f the b3-r5/6 line into ventral r5 (Figs. 7C and 7E). In
ontrast, the two domains of reporter expression are com-
letely fused in kreisler mutant embryos (Figs. 7B, 7D, and
F). This shows that the segment located between the r4
nd r7 in the kreisler embryos expresses a marker indicative
f an r6-like or more caudal identity.
To extend this analysis we have also examined segmental
xpression of several receptors and ligands of the Eph/
phrin families. Ephrin-B2 is normally expressed at high
evels in r1, r2, r4, and r6, with lower levels in r3 and no
xpression in r5 [Fig. 8A (Bergemann et al., 1995)]. In
reisler embryos the gap of expression corresponding to r5
s missing and there is a fusion of the r4 and r6 domains (Fig.
B). Similar results are seen with ephrin-B3 (data not
hown). The EphA7 receptor is normally expressed at high
s of reproduction in any form reserved.
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228 Manzanares et al.levels in r3 and r5, at lower levels in r2, r4, and r6, but not
in r7 [Fig. 8C (Ellis et al., 1995)]. In kreisler mutants the
high-level expression in r5 is missing and there is a fused
domain of lower expression corresponding to r4 and r6 (Fig.
8D). These results are consistent with the idea that r5 is
deleted and that r6 continues to express its characteristic
pattern of Eph/ephrin genes. Together with the data on the
3-r5/6 reporter line, our findings suggest that in the
reisler mutant r5 is missing but that r6 is actually formed
nd initially adopts an appropriate segmental identity.
Cell-Mixing Properties in the kreisler Hindbrain
Rhombomeres act as cell compartments, with little or no
cell mixing between adjacent segments (Birgbauer and
Fraser, 1994; Fraser et al., 1990). This has been attributed to
differences in both the cell adhesive and repulsive proper-
ties of alternating rhombomeres. It has been shown in chick
embryos that cells from even-numbered rhombomeres will
freely mix, as will cells from odd segments, but intermixing
does not occur between cells from even- and odd-numbered
rhombomeres (Guthrie and Lumsden, 1991; Guthrie et al.,
FIG. 4. Expression of the Hoxb3-r5 (A–F) and Hoxa3-r5/r6 (G–L) t
prospective r5 territory of the mutant from the earliest stages exam
a peculiar behavior in that it shows differences between wild-typ
embryos for the kreisler mutation. This transgene is normally ex
expression (asterisk in H and I) is observed in r3 (K). In kr/kr embry
in kr/1 embryos (L). All embryos are 9.5 dpc except for A and D t1993; Wizenmann and Lumsden, 1997). The Eph receptors T
Copyright © 1999 by Academic Press. All rightnd ephrins have been implicated in these restrictions of
ell intermingling (Xu et al., 1995, 1999). Therefore differ-
nces in mixing properties reflect the odd or even character
f a segment along the A-P axis.
In the zebrafish model for valentino function, the inabil-
ty of val2 cells and wild-type r5 or r6 cells to intermingle
was used to argue that the rX territory is locked in an
immature prorhombomeric state that possesses neither odd
nor even character (Moens et al., 1996, 1998). To address
he cellular character of the putative r6 segment in the
reisler embryos, we carried out grafting experiments in the
ouse by transposing small populations of cells from the
tic region of kreisler or wt embryos. As mixing properties
f rhombomeric cells have not been previously examined in
he mouse, we first performed a series of control experi-
ents. Donor cells from wild-type 8.5 dpc embryos were
abeled with DiI and grafted orthotopically and heterotopi-
ally into wild-type hindbrains. After 24 h of embryo
ulture we visualized the distribution of the DiI label in
rder to follow the fate of the grafted cells. Even to even and
dd to odd grafts mix freely, but even to odd or odd to even
ranspositions do not mix (Figs. 9D–9F and data not shown).
enic lines. The reporter for the b3-r5 line is never turned on in the
(A–C, normal embryos; D–F, mutants). The a3-r5/r6 line exhibits
/1; G, J), heterozygote (kr/1; H, K), and homozygote (kr/kr; I, L)
ed in r5 and r6 (J), but in kr/1 embryos a weak extra domain of
he r5/r6 domain is lost but the ectopic r3 domain is stronger than
re 8.5 dpc.ransg
ined
e (1
press
os, this further supports the idea that a restriction to mixing
s of reproduction in any form reserved.
e
i
a exur
229kreisler Is a Segment-Specification Genebetween odd and even segments is a general property of the
vertebrate hindbrain.
In an analogous manner, grafts of rhombomeric tissue
from kreisler donor embryos, corresponding to presumptive
r6, were transplanted to r2, r5, or r6 in wild-type hosts (Figs.
9A–9C). The kreisler-derived cells mix freely with even-
numbered rhombomeres and also contribute to neural crest
derived from them that migrates into the branchial arches
(Figs. 9A and 9C). However, when grafted into odd-
numbered rhombomeres, such as r5, they remain as a tight
clump of labeled cells with no mixing (Figs. 9A and 9B).
Therefore, presumptive r6 from kreisler mutant embryos
displays cell-mixing properties in the hindbrain character-
istic of a mature even-numbered rhombomere. This is in
FIG. 5. Expression of HOXB4 protein (A, B) and the Hoxb4-r6/7 t
The expression of the endogenous protein is faithfully mimicked b
length is observed in the mutant embryos with both the a-HOXB
xpression is observed at the r6/r7 boundary for wt (arrows in A an
n B and D). This anterior shift in expression is still maintained at
nterior limit of the expression of the transgene and the pontine flclear contrast to the results in zebrafish, arguing that in the
Copyright © 1999 by Academic Press. All rightmouse, even in the absence of r5, r6 forms and it is not
locked in an immature prorhombomeric state.
Late Characteristics of r6 in kreisler Mutants
The fact that r6 is formed and initially adopts an appro-
priate identity in kreisler mutants does not exclude the
possibility that there could be later defects in this rhom-
bomere. For example, the lack of Hoxa3 upregulation in r6
that occurs because it is a direct transcriptional target of
kreisler [Figs. 4G–4L and Manzanares et al. (1999)] could
result in later or subtle changes in its identity. Therefore,
we used Phox2b as a marker to monitor rhombomeric
patterns of neurogenesis. In wild-type embryos at 10.0 dpc,
enic line (C–H) in wt (A, C, E, G) and kr/kr (B, D, F, H) embryos.
e transgene at 9.5 dpc (A–F). An anterior shift of one rhombomere
ibody (A, B) and the reporter line (C–F). A sharp anterior limit of
and adjacent to the otic vesicle (ov) in kr/kr embryos (dashed lines
r stage (11.5 dpc) as is evident in the smaller distance between the
e (pf; arrowheads in G and H) in kr/kr (H) compared to wt (G).ransg
y th
4 ant
d C)
a latePhox2b is expressed in two longitudinal columns, one
s of reproduction in any form reserved.
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230 Manzanares et al.FIG. 6. Expression of the Hoxb1-r4; Hoxb4-r6/e late double transgene in wt (A, C, E) and kr/kr (B, D, E) embryos. The two-rhombomere
ap between r4 and the r6/r7 boundary of the normal embryo is reduced to one or less in the mutant. In the flat mount of the wt (E) a sharp
osterior boundary for the r4 stripe is observed, as well as the morphological r5/r6 boundary and the anterior limit of the b4-r6/e late line.
n the mutant (F), the r4 stripe is less well defined at the posterior boundary, no visible boundary exists in between, and the anterior limit
f the b4-r6/e late line is as clear as in the wt. No mixing of cells expressing lacZ from the b1-r4 and the b4-r6/e late lines is observed. All
embryos shown are 9.5 dpc.
FIG. 7. Expression of the Hoxb1-r4; Hoxb3-r5/6 double transgene in wt (A, C, E) and kr/kr (B, D, E) embryos. A gap between the two
domains of transgene expression in r4 and r6 is clearly seen in wt embryos and corresponds to r5 (arrowheads in A and C). The r5 domain
of unstained cells is absent in the mutants (B, D). In the flat mounts (E, F) the level of expression is lower for the b1-r4 line than for the
b3-r5/6 line, so that the difference between the r4 and r6 domains is evident. In wt embryos, there is staining in the most ventral portion
of r5 (C, E) which corresponds to fbm neurons migrating posterior from r4. All embryos shown are 9.5 dpc.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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231kreisler Is a Segment-Specification Geneventral and one lateral [Fig. 8E and Pattyn et al. (1997)]. The
ventral column extends from the r1/r2 boundary more
posteriorly into the spinal cord and the domain in r4
corresponding to the developing facial motor neurons is
FIG. 8. Expression of Eph receptors, ephrin ligands, and Phox2b in
evel in r1, r2, r4, and r6 and at lower levels in r3 and is absent in r5 (
omain corresponding to r6 (B). (C, D) EphA7 expression normally o
mbryos high levels of expression occur only in r3 and the domain
D). These data (A–D) indicate that in kreisler mutants the territory
n r6. (E, F) At 10.0 dpc Phox2b is normally expressed in two longi
he ventral column is expanded in r4 and the lateral column exten
largely unchanged, except for the altered shape of the r4 domain (F
in F indicates the presence of a morphologically distinct boundary
r6 due to the deletion of r5. All embryos shown are 9.5 dpc except E
hindbrains, while C and D are dorsal views.markedly thickened. The lateral column spans r2 through
Copyright © 1999 by Academic Press. All right6. In kreisler mutant embryos at this stage, the ventral
olumn appears generally unaffected except for the shape of
he r4 domain (Fig. 8F). This change in r4 correlates with
he defects we previously noted using the b1-r4 and b2-r4
kreisler hindbrain. (A, B) ephrin-B2 is normally expressed at a high
kr/kr embryos expression in r4 is contiguous with the more caudal
s in r2–r6, with higher levels of expression in r3 and r5 (C). In kr/kr
xpression posterior to r4 is reduced by one rhombomere in length
ediately caudal to r4 expresses molecular markers normally present
al columns in the hindbrain positioned ventrally and laterally (E).
om r2 to r6. In kr/kr embryos expression in the ventral column is
wever, the lateral column runs only from r2 to r4. The arrowhead
een r4 and r6. ov, otic vesicle; r6* refers to the anteriorly shifted
F which are 10.0 dpc. A and B and E and F represent flat-mountedthe
A). In
ccur
of e
imm
tudin
ds fr
). Ho
betw
andtransgenic lines (Figs. 1 and 2). Expression of Phox2b in the
s of reproduction in any form reserved.
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232 Manzanares et al.lateral column does not extend posterior to r4, indicating
that both the r5 and r6 domains are missing (Fig. 8F). The
loss of expression in r5 was expected since this segment
does not form in kreisler embryos. However, the loss of the
subrhombomeric r6 domain shows that not all aspects of r6
patterning are normal. This indicates that kreisler does
have a later role in conferring specific aspects of r6 identity
that could be mediated through its effect on Hox genes or
other targets.
DISCUSSION
In this study we have examined the hindbrain phenotype
FIG. 9. Grafting of cells from kr/kr (A–C) and wt (D, E) donor em
the grafting experiments shown. A small group of cells from 8.5 dp
he indicated rhombomere level of wt CBA isochronic hosts. Embr
he otic region of the donor were grafted into r2 and r5 of the sa
hombomeres of the host, contributing as well to neural crest migr
ut not odd (r5; A, B). Wild-type cells from r4 do not mix in an od
nd r6 cells mix into the host r6 (F). The position of the otic vesicin the mouse kreisler mutant using Hox/lacZ transgenic
Copyright © 1999 by Academic Press. All rightmarker lines, lineage analysis, cell grafting and mixing
assays, and Eph/ephrin and Phox2b gene expression. This
analysis reveals that r5 is missing and fails to form. There
are also alterations to r3 and r4, which are outside the
normal domains of kreisler expression, suggesting that it
has indirect influences to patterning in other hindbrain
segments. The combination of markers characteristic of r6
and grafting experiments examining cellular mixing prop-
erties show that r6 is present, initially adopts an appropriate
identity, and generates neural crest cells. This indicates
that kreisler has an early role in segmentation in addition
later roles in regulating segmental identity through the Hox
genes. This also provides an interesting contrast to the role
s into isochronic wt hosts. On the left-hand side, diagrams depict
isler (A–C) or wt (D–F) donors were labeled with DiI and grafted to
ere grown in culture for a further 24 h. kreisler mutant cells from
ost (A) or into r5 (B) or r6 (C). These cells mix freely with even
into the first or third branchial arch (r2 and ba1, A; r6 and ba3, C),
mbomere territory (r3, D), but r5 cells mix into r5 of the host (E),
v) is indicated in all panels. All embryos shown are 9.5 dpc.bryo
c kre
yos w
me h
ating
d rhoof its zebrafish homolog, valentino, in hindbrain patterning.
s of reproduction in any form reserved.
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233kreisler Is a Segment-Specification Genekreisler and Its Roles in Segmentation
The summary diagram in Fig. 10 compares the patterns of
segmental expression in wild-type and kreisler mutant
embryos with respect to markers used in this study. In
agreement with previous analyses there is an absence of any
marker specific to or characteristic of r5. Furthermore, the
temporal analysis with different reporter lines extended
this to show that expression of the r5 markers is never
initiated, arguing that r5 is not simply lost at later stages
due to a failure in its maintenance (Figs. 3 and 4). Hence, we
believe kreisler is required for the initial specification of the
5 territory.
One of the major reasons for embarking upon this study
as to resolve the confusion over whether r6 was present,
eleted, transformed to r4, or locked in an altered or
mmature prerhombomeric state in the mouse mutants.
nalysis with two r4 reporter lines shows that r4 has not
FIG. 10. Diagram depicting the phenotypic effects of the kreisler
Migrating neural crest from r4 and the fbm population were detect
n the same color. Different levels of EphA7 and ephrin B2 are
hombomeres indicates their even or odd mixing properties. In kr
dentity and the changes in Phox2b expression in r6. All of the mar
hat represent the situation at 12.5 dpc. sc, spinal cord.xpanded posteriorly, arguing against an r6 to r4 transfor- i
Copyright © 1999 by Academic Press. All rightation (Figs. 1 and 2). Double transgenic embryos carrying
he Hoxb1-r4 and the Hoxb4-r6/7 reporters clearly indicate
hat between the r4 and r7 territories there is a group of
nstained cells, approximately one segment wide (Fig. 6).
e have found that this putative segment has molecular
nd cellular characteristics of r6. The expression profile of
he Eph/ephrin genes and the Hoxb3-r5/6 reporter line in
his territory, immediately posterior to r4, resemble wild-
ype r6 (Figs. 7 and 8). Heterotopic grafts reveal that these
ells also have mixing properties identical to that of r6 and
ature even-numbered rhombomeres (Fig. 9). Furthermore,
he r4-derived fbm neurons, which migrate ventrally in r5
nd then turn laterally in r6 of wild-type embryos, undergo
lateral migration immediately after emerging from r4 in
reisler embryos (Fig. 1). Together these results support the
dea that this segment displays an r6 identity or character.
Our analysis suggests that in the absence of kreisler there
tion on the mouse hindbrain with the markers used in this study.
ith the Hoxb1 and Hoxb2 r4 lines; therefore, they are represented
icated by shades of coloring. The density of stippling over the
n asterisk indicates the partial transformation of r3 toward an r5
shown are depicted at 9.5 dpc, except for the migration of the fbmmuta
ed w
ind
/kr, a
kerss a block in the formation of r5 that leads to an overall
s of reproduction in any form reserved.
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234 Manzanares et al.reduction in the size of the hindbrain by one segment and
the juxtaposition of r4 and r6. At these early stages the sizes
of r4 and r6 are fairly normal, as assessed by the single and
double reporter analyses. Therefore, r4 does not expand at
the expense of r6 and these segments maintain their dis-
tinct identities. The otic vesicle is laterally displaced in
kreisler mutants and instead of two distinct streams of
migrating neural crest from the r4–r6 territory seen in
wild-type embryos, there appears to be a single continuous
population adjacent to the hindbrain (Deol, 1964; Frohman
et al., 1993; McKay et al., 1994). It was predicted that this
would allow crest from r4 to migrate abnormally on both
sides of the otic vesicle and contribute to the second and
third arches (Frohman et al., 1993). However, our DiI
ineage tracing shows that cells emerging from r4 only
opulate the second branchial arch, and in contrast cells
rom r6 abnormally contribute to both the second and third
rches (Fig. 2). On the basis of the cell marking and patterns
f reporter expression, there are distinct populations of
eural crest from r4 and r6 in kreisler embryos and they do
ot behave as a single homogenous population with a
ommon identity.
Indirect Roles of kreisler in Segmental Patterning
We noted changes in patterning and in markers outside of
the normal domain of kreisler expression, showing it could
indirectly influence additional aspects of hindbrain organi-
zation. One alteration occurs in r4, which is slightly larger
at 8.5 dpc but it becomes progressively smaller between 9.0
and 12.5 dpc in kreisler embryos (Figs. 1 and 2). This defect
could be a consequence of inappropriate interrhombomeric
signaling due to the absence of r5 and the juxtaposition of r4
and r6. Signaling processes between odd- and even-
numbered rhombomeres have been shown to be important
in chick grafting experiments for the proper maintenance of
some aspects of segmental gene expression (Graham and
Lumsden, 1996). It is interesting that it has previously been
observed, on the basis of acridine orange staining, that there
is increased apoptosis over r4 in kreisler mutants (McKay et
al., 1994). Hence, the reduction of r4 could be mediated by
ectopic activation of the cell death program in this territory
due to improper signaling.
The induction of the Hoxa3 r5/r6 reporter indicates that
r3 is also affected in the kreisler mutants. The activation of
the r5/r6 reporter in r3 also occurs in kr/1 heterozygous
embryos, where hindbrain segmentation was believed to be
completely normal. Therefore, since r5 is present in these
embryos, this induction cannot simply be explained by
changes in signaling arising from its absence. Other than in
r5 and r6 kreisler is not normally expressed in the hind-
brain, except for a dorsal population of cells in the roof plate
(Cordes and Barsh, 1994; Eichmann et al., 1997). Hence, it is
possible that these dorsal cells normally prevent the induc-
tion of the respective r5 markers in r3 or that kreisler itself
is ectopically activated in r3 in the mutants. However, we
analyzed the expression of kreisler in kr/kr embryos and
found that while the domain in r5 and r6 is completely lost,
Copyright © 1999 by Academic Press. All righthe dorsal roof cells still express the gene and there is no
ctopic induction of kreisler in r3 (data not shown). This
onfirms that the original kreisler mutation is not a com-
lete null but an r5/r6 regulatory mutation (Cordes and
arsh, 1994; Eichmann et al., 1997) and that these changes
n r3 patterning do not correspond to sites of kreisler
xpression. Furthermore, in support of this idea, in some of
he mutant embryos expression of ephrin-B2 in r3 is re-
uced to levels that more closely resemble those in r5.
hese results suggest that the loss of kreisler in r5 and r6
ndirectly results in progressive changes to segmental iden-
ity correlated with the gene dosage.
Cell-Mixing Properties and the kreisler Mutants
The transposition of labeled cells to different odd- and
even-numbered segments in the mouse hindbrain has re-
vealed that the ability of cells to intermix follows a similar
paradigm to the chick (Guthrie and Lumsden, 1991; Guth-
rie et al., 1993; Wizenmann and Lumsden, 1997). We
observed that cells from even segments will mix freely
when placed within another even environment, but do not
mix when transposed to an odd segment. Cells derived from
odd segments show a similar ability to intermingle with
other odd but not even cells. This reiterates the conserva-
tion of alternating segmental differences in adhesive and
repulsive properties in the vertebrate hindbrain, which may
be mediated by the complementary expression of Eph
receptors and ephrins (Xu et al., 1995).
It is important to note that the miscibility between even
nd odd cells in cell grafts or explants occurs only in the
bsence of a boundary between these populations, but if a
oundary is present they tend not to mix and remain as
iscrete coherent groups (Guthrie et al., 1993). Analysis in
the chick has previously shown that in at least 25% of the
cases, new morphologically detectable boundaries were
formed when even segments were placed adjacent to each
other (Guthrie and Lumsden, 1991). Furthermore, in Krox20
mutants when r5 is lost and r4 and r6 are brought together,
a boundary is maintained (Schneider-Maunoury et al.,
1997). This is relevant to the kreisler mutants, as the
absence of r5 brings r4 and r6 in to direct opposition, which
could potentially lead to considerable intermixing between
the segments. However, we noted that at the r4/r6 interface
the expression boundaries of the lacZ reporters are only
slightly more diffuse compared with wild-type embryos
(Figs. 1, 2, and 5–7). This could arise due to reprogramming
of the patterns of expression following extensive intermin-
gling, but we also observed in the neural crest marking
experiments that DiI placed into r4 or r6 of kreisler embryos
remained confined primarily to a single segment (Fig. 2 and
data not shown). Furthermore, in some of the flat-mounted
hindbrain preparations of mutant embryos a morphological
boundary between r4 and r6 is detected (arrowhead in Fig.
8F). This supports the idea that there is relatively little
intermixing between these segments and a boundary has
formed or been maintained between r4 and r6 in the kreisler
mutants.
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235kreisler Is a Segment-Specification GeneRoles for kreisler in Late r6 Patterning
and Neurogenesis
While we have shown that r6 forms and initially adopts a
correct segmental identity, the analysis of Phox2b expres-
sion in neurogenesis demonstrates that there are some later
changes in its regional character (Figs. 8E and 8F). The loss
of expression in the r6-specific subpopulation of neurons
from the lateral column might arise due to the absence of
kreisler-dependent upregulation of Hoxa3 in r6. In support
of this, a recent study has shown that the Hoxa2 and Hoxb2
genes play a role in differentially regulating rhombomere-
specific subsets of Phox2b and other neurogenic markers in
atterning of the hindbrain (Davenne et al., 1999). Even if
hese alterations are mediated through other kreisler tar-
ets, the results demonstrate that in addition to its early
oles in segmentation, kreisler has some direct or indirect
nput into the control of rhombomere identity.
kreisler versus valentino
Our analysis of alterations in the mouse kreisler mutant
provides an interesting basis for comparison with those of
valentino, its zebrafish homolog. In valentino it has been
shown that mutant cells are not able to contribute to future
r5 and r6 territories but do mix freely with other rhom-
bomeres. This has been interpreted as failure in acquiring a
definitive rhombomeric fate (Moens et al., 1996). Therefore,
the general mechanism put forward for kreisler/valentino
function, derived from this analysis of the zebrafish pheno-
type, suggests that this gene is responsible for the matura-
tion and subdivision of a prorhombomeric territory into
definitive r5 and r6 (Moens et al., 1996, 1998). The loss of
valentino locks this territory into its immature prorhom-
bomeric state, and the cells display no mature characteris-
tics of r5 or r6.
However, our analysis of the kreisler phenotype does not
easily fit such a model. r5 is absent but r6 is present and
acquires the correct identity. Therefore, the mouse kreisler
gene is involved in the formation of r5, but the generation of
a definitive r6 territory is independent of both kreisler and
r5. There are other differences in the phenotypes between
these species. For example, in valentino mutants r4 dra-
matically expands in a posterior direction (Prince et al.,
1998), while in kreisler r4 is actually reduced in size. Hence,
while many of the same segments are affected in the mouse
and fish mutants, the nature of these changes is distinctly
different.
There are several reasons that could account for the
kr/val differences between the species. First, in fish val is
expressed throughout r5 and r6 at all stages (Moens et al.,
1998). In mouse, high levels of kreisler are initially observed
in r5 and rostral r6 and expression in the entire r6 territory
only appears at later stages (Cordes and Barsh, 1994; Man-
zanares et al., 1999). Hence, the lack of an early role for
kreisler in mouse r6 is consistent with the fact that it is not
present in this segment until later stages. Another possibil-
ity arises from ploidy differences between the species and
Copyright © 1999 by Academic Press. All rightthe potential for additional valentino/kreisler-related genes
in the fish (Wittbrodt et al., 1998). Recently a second Kr/val
omolog has been cloned in zebrafish, although it is not
xpressed in r5 and r6, it is detected in somites and
ransiently in reticulospinal and occulomotor neurons
Schvarzstein et al., 1999). This helps to explain why these
eurons are properly formed in val mutants despite other
arly defects in neurogenesis. The new gene, Zkrml2, might
e able to compensate for the loss of val in these neuronal
opulations. As three copies of single mammalian genes
ave been found in zebrafish, there may be yet another
al/kr homolog and new roles could have evolved for such
uplicated genes. Common functional roles could have
een divided between the duplicated members or shared
etween them. Hence, it will be important to determine if
here are other valentino-related genes and if they have
oles in segmentation analogous to kreisler. Finally, the
ssumption that rX in val mutants is an immature pro-
hombomeric territory and not r6-like is due to the absence
f those markers tested and its cell-mixing defects. How-
ver, there might be early r6 markers that are on in rX.
urthermore, the fish grafting experiments to test mixing
otential utilized early gastrulating cells from val2 embryos
and not the rX territory itself (Moens et al., 1998). Hence,
the actual cellular mixing properties of rX were not directly
tested. This raises the possibility that the r5 and r6 pheno-
types in val mutants might be more analogous to those we
find in kreisler, such that r5 is missing and r6 forms but has
nly a partial r6 or incomplete identity.
CONCLUSION
This study illustrates that kreisler has roles in regulating
multiple steps of hindbrain patterning. The complete ab-
sence of r5 in kreisler mutants shows that it has an early
role in the specification of this segment. The formation of
r6 independent of r5 argues against a strict prorhombomeric
model for segmentation of this region of the hindbrain in
mouse. In addition, through the direct regulation of Hox
genes, kreisler participates in the control of segmental
identity. Ectopic expression of kreisler in r3 leads to its
transformation toward an r5 identity (Theil et al., 1999).
The correct dosage of kreisler also appears to be critical for
indirectly maintaining the proper identity of r3. Therefore,
rather than being restricted to a single aspect of patterning,
it appears to be an emerging theme that genes involved in
controlling segmental processes in the hindbrain can act at
several different levels.
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